Tessera terrain is the dominant tectonic landform in the northem high latitudes of Venus mapped by the Venera 15 and 16 orbiters and is concentrated in the region between the mountain ranges of western Ishtar Terra and Aphrodite Terra. Tesserae are characterized by regionally high topography, a high degree of small scale surface roughness, and sets of intersecting tectonic features. Available Pioneer Venus line of sight gravity data suggest that tessera terrain is compensated at shallow depths relative to many topographic highs on Venus and may be supported by cmstal thickness variations. Three types of tessera terrain can be defined on the basis of structural patterns: subparallel ridged terrain (Tsr), trough and ridge terrain (Ttr), and disrupted terrain (Tds). Observed characteristics of tessera terrain are compared to predictions of models in order to begin to address the question of its origin and evolution. Formational models, in which high topography is created along with surface deformation, include (1) horizontal convergence, (2) mantle upwelling, (3) crustal underplating, and (4) a seafloor spreading analogy. Modificational models, in which deformation occurs as a response to the presence of elevated regions, consist of (1) gravity sliding and (2) gravitational relaxation. We find that horizontal convergence and late stage gravitational relaxation are the most consistent with basic observations for subparallel ridged terrain and disrupted terrain. Understanding of the basic structural characteristics of trough and ridge terrain is more tentative, and models involving a spreading process or convergence and relaxation merit further study. 0148-0227/91/90JB-02742505.00 and gravity sliding over "gentle upwellings" in the mantle [Sukhanov, 1986] . These qualitative models are described principally to suggest their ability to create complex patterns of ridges and troughs similar to those observed in the tessera terrain. However, tesserae are also characterized by properties measured by the PV spacecraft, including relatively high topography, rough surfaces at meter and sub-meter scales, and relatively small line of sight (LOS) gravity anomalies (where such data are available). In addition, we observe three distinct morphologic types of tessera terrain: subparallel ridged terrain (Tsr), trough and ridge terrain (Ttr), and disrupted terrain (Tds), each of which represents a particular sequence and style of deformation. Successful models for the origin and evolution of tessera terrain must be consistent with these basic characteristics of tessera terrain. 
formation of an elevated, deformed region and consider horizontal convergence, mantle upwelling, crustal underplating, and a process analogous to seafloor spreading as possible models. In the second set we consider the structural and tectonic consequences of gravity on a region of high topography. The first of these (gravity sliding) considers thinskinned deformation of the upper crust caused by topographic gradients. The second (gravitational relaxation) considers the deformation of the entire crust that can result from relief along both the surface and the crust-mantle boundary.
Using modificational models, we consider the possibility that tessera terrain evolves over time; that structures formed by formational processes may be altered or crosscut by structures formed during modification. A simple example is a two-stage model, for example, convergence and crustal thickening followed in time by gravitational relaxation and extension of the resulting region of high topography. In more complex examples the two processes may act at the same time in different parts of a region of tessera terrain.
Formational and modificational models are evaluated by comparing their predictions to observed characteristics of tesserae. Because of the diverse structure and morphology of tessera terrain, we address its dominant characteristics and thus the processes which dominate its formation and evolution.
Thus models which are not favored as dominant processes for tessera formation/modification still might have operated in a small region or regions of tessera terrain. Of the six models, we find that three are unlikely to dominate formation/modification of tessera terrain: mantle upwelling, crustal underplating, and cases appears to lie at a higher elevation than surrounding gravity sliding. Of the remaining three, horizontal plains. Given this pervasive topographic relationship, we convergence best explains the subparallel ridged terrain (Tsr), describe and evaluate two sets of models: formational models and continued convergence, in some cases followed by and modificational models. In the first set we treat the gravitational relaxation, best explains the disrupted terrain properties inferred from PV data were used to predict the locations of tessera terrain south of Venera coverage Bindschadler et al., 1990a] . Evaluation of that prediction using a variety of radar data, including recent Arecibo images suggests that tessera terrain is widely distributed throughout the equatorial and southern regions of Venus [Bindschadler et al., 1990a] .
Regions of tessera terrain appear similar in Pioneer Venus (PV) data but are characterized by diverse appearances in Venera 15/16 images. We find that this diversity can be characterized in terms of three major terrain types, each representing a particular style and sequence of deformation. These and other morphologic characteristics of tessera terrain can be used to evaluate the various formational and modificational model for the tessera terrain.
Topography and Radar Properties
Regions of tessera are among the most distinctive of the Venera units in terms of elevation and PV surface radar properties [Bindschadler and Head, 1988a, 1989] . Elevations within tesserae typically range from 1 to 3 km above the mean planetary radius (6051.9 km), with an average near 2 km [Bindschadler and Head, 1989] . Almost all tesserae lie at higher elevations than surrounding units (typically plains), even relatively small regions such as Ananke Tessera (~50øN, 135øE). Tesserae commonly have relatively steep boundaries and somewhat lower relief in the interior, resulting in a characteristic plateau shape. In other cases, the boundary between plains and tessera terrain is less topographically distinct [Sukhanov, 1986] . Measurements of surface properties by the PV orbiter [Pettengill et al., 1980 [Pettengill et al., , 1982 [Pettengill et al., , 1988 indicate that the surface is extremely rough at scales ranging from 5 cm up to 10 m [Bindschadler and Head, 1988a, 1989] . Such surface roughness is strongly associated with tectonic units mapped from Venera 15/16 data and is thought to be related to tectonic deformation [Bindschadler and Head, 1988a, 1989 ].
LOS Gravity
Another important source of data is line of sight (LOS) gravity data obtained from Doppler radio tracking of the PV spacecraft [Sjogren et al., 1983] . Because of limitations related to spacecraft altitude, maps of LOS anomalies are restricted to the region between approximately 20øS and 50øN latitude. Three large tesserae lie at least partly within this equatorial band: Tellus Regio, Laima Tessera, and Alpha Regio. All three regions are characterized by anomalies of less than 5 mGal [Sjogren et al., 1983] , despite the fact that elevations within these regions are principally greater than 1 km above surrounding terrain. This is in distinct contrast to the larger gravity anomalies observed over topographic highs such as Beta, Aria, Eistla, and Bell regiones, and also contrasts with the often-cited positive correlation of gravity and topography for Venus [e.g., Phillips and Malin, 1983] . In particular, Tellus Regio exhibits a very low correlation between gravity and topography in comparison to regions such as Beta and Aria [Sjogren et al., 1983] . These characteristics suggest the possibility of fundamental differences in mechanisms of compensation between tessera terrain and regions such as Bell, Beta, and Atla regiones. A recent comparison of geoidtopography ratios (GTRs) for topographic features showed that proposed hotspots (e.g., Beta, Bell) and known and predicted tessera [Bindschadler et al., 1990a] formed largely distinct groups in terms of GTR and characteristic wavelength or size [Smrekar and Phillips, 1990 ]. Tesserae were characterized by smaller values of GTR than proposed hotspots. Thus the gravity and topography of tesserae are most consistent with compensation due to crustal thickness variations or to shallow mantle/lithospheric processes.
Types of Tessera
Tessera terrain was first defined from its appearance in Venera 15/16 radar images to consist of orthogonal to obliquely oriented intersecting sets of ridges and troughs (Figure 2 ). However, regions that fit this broad definition are diverse [Sukhanov, 1986] ; in some cases, different morphologies can be seen within a single region of tessera. Examining Venera images of the three large regions of tessera (Figure 1) , we define three types of tessera on the basis of a characteristic morphology, consisting of ridges, troughs, grooves, and lineations, their continuity, and angular and crosscutting relationships. Interpreting these morphologic elements as tectonic structures, we suggest that each type of tessera reflects a particular style and sequence of deformation. These types of tessera thus represent important constraints on models for formation and evolution of the terrain. of plains volcanism, smooth plains within the large troughs are most likely to be of volcanic origin. Narrow troughs may be similar, but their floors are not clearly resolved in the Venera data. Trough structures could originate in a number of ways. Their similarity in shape to graben suggests that they may be extensional features. Head [1990b] has suggested that they may be analogous to oceanic fracture zones on Earth, citing their continuity and parallelism. Troughs could also be the result of strike-slip faulting or shearing.
Subparallel ridged terrain. This terrain type is characterized
In contrast to trough structures, ridge and valley structures are small, closely spaced, and continuous over shorter distances, resulting in a corrugated appearance. Widths of the corrugations vary from -20 km down to features at the 1-3 km limit of Venera resolution. In some cases, ridges appear flatcrested and steep-sided, similar to horst structures. Similarly, valleys commonly resemble graben structures. In the southern portions of the type area, corrugations are typically expressed as distinct grooves (Figures 4a and 4b) , which are distinguished from troughs and valleys by the presence of raised rims. The shapes of corrugations and groove structures are most consistent with an extensional origin, although a compressional origin cannot be ruled out from presently available data.
Ridge and valley structures typically appear to terminate within domains between troughs, although examples can be seen in which they appear to crosscut trough structures (e.g., arrow in Figure 4b ). Higher-resolution data will be required to definitively establish whether a consistent crosscutting relationship is present or not, particularly in the northeastern portion of the type area, where structures are relatively small and closely spaced (Figure 4a ). Disrupted terrain. Central Tellus Regio is the type area for disrupted terrain (Tds, Figure 5a ). Disrupted terrain is the most common type of tessera, is found in all three large regions of tessera, and predominates among smaller regions. Ridges, troughs, grooves, and lineations are all found within the Tds. Disrupted terrain is characterized by a more chaotic appearance than the other two types of tessera, primarily due to a deficit of continuous ridges longer than-•50 km. However, lineations defined by discontinuities in ridges and short, discontinuous troughs and ridges tend to maintain consistent orientations over a region. Grooves are relatively common within the Tds as compared to the other two terrain types and tend to be the most continuous, throughgoing structures in the Tds.
Ridges in the Tds tend to be symmetric and in some cases form subparallel sets (Figure 5b) Many areas of the disrupted terrain appear to record compressional, extensional, and shear deformation. Ridges appear to be predominantly compressional in origin, while troughs and lineaments are most likely to originate by strikeslip faulting or shearing. Grooves appear to be extensional features and probably represent the most recent deformation within the Tds. Grooves tend to be more continuous than ridges or troughs and in most cases crosscut other Tds structures whenever intersections occur. In areas where ridges, grooves, and lineations occur, disrupted terrain appears to have undergone compression, followed by and partly synchronous with strike-slip deformation, followed by extension.
Tessera-Plains Boundaries
Boundaries of tesserae and plains regions are characterized by two morphologies [Sukhanov, 1986; Bindschadler and Head, 1988b] . The first (type I) is the most common, is highly irregular at the 100-km scale, and is represented by southeastern Tellus Regio (Figure 6a ). Contacts between plains and regions of tessera terrain occur as onlap of plains onto Topography and LOS gravity strongly constrain the applicability of the upwelling hypothesis to the formation of tessera terrain. Where both are available, these data suggest that regions of tessera terrain are compensated at relatively shallow depths (less than 100 km) and are characterized by small ratios of geoid to topography compared to proposed hotspot features Phillips, 1989, 1990 ]. This suggests that regions of tessera are not presently supported by deep-seated variations in mantle temperature.
Pronin [1986] 
Crustal Underp lating Emplacement of a large volume of low-density (crustal) intrusive material at or near the crust-mantle boundary should result in surface uplift and deformation (Figure 8). On the basis of the distribution of elevations for the tessera terrain,
Nikolaeva et al. [1988] suggest that tessera terrain is composed of highly feldspathic material, such as anorthosite. Rapid emplacement of low-density material such as anorthosite near the crust-mantle boundary can be modeled as a gravitational relaxation process, in which surface topography grows in order to balance the excess low-density root at depth. Intruded/underplated material could be of either basaltic or anorthositic composition; the only requirement is that it be less dense than underlying mantle materials. Underplating is predicted to result in uplift and extensional deformation of the surface [Bindschadler, 1990] . Unless underplating proceeds very rapidly and has occurred relatively recently, gravity anomalies should only reflect the thickened crust. There are several reasons why such a model is unlikely to explain the formation of any of the types of tessera terrain.
Surface deformation due to underplating is exclusively extensional in nature. Observations suggest a compressional origin for subparallel ridged terrain (Tsr), as well as much of the disrupted terrain (Tds), which shares transitional boundaries with the Tsr. Trough and ridge terrain (Ttr) structures are consistent with extensional deformation but require that the underplating event create a highly organized orthogonal A seafloor spreading process must be considered a candidate for the origin of the trough and ridge terrain. On the basis of analogies with terrestrial spreading, this process is consistent with the basic constraints (topography, gravity, orthogonal structural pattern) offered by observations. However, morphologic observations clearly show that if such a process is responsible for the Ttr, it produces a surface that is lacking in seamounts and commonly exhibits nonparallel transforms which are also loci for plains volcanism. The differences between terrestrial seafloor and Ttr suggest that further investigation will be needed to resolve the the origin of Ttr, possibly including analysis of high-resolution Magellan data. Important tests of the spreading hypothesis include understanding the nature of structural and age relationships between the troughs and ridge and valley structures and the nature of deformation that formed ridge and valley structure.
Gravity-Driven Modification
A number of terms have been used to denote gravity-driven tectonic processes, including gravity sliding, gravity spreading, and gravitational relaxation. In terms of Venus tectonics, two modes have been discussed. The first involves the formation of a detachment surface, creating either a brittle or ductile d6collement over which a relatively thin slice or wedge of crust slides [e.g., Sukhanov, 1986; Smrekar and Phillips, 1988] . This process will be referred to as "gravity sliding." Over the large areas and at the relatively small regional slopes that characterize tessera terrain, gravity sliding is expected to occur at geologic strain rates (<10 -14 s-l), rather model for gravity sliding and suggested that the process should of deformation. Based on this evaluation, we suggest that result in significant surface deformation on Venus. None of gravity sliding is not a significant process in trough and ridge these models specifically consider the deformational pattern terrain (Ttr) but might have occurred in regions where that would be expected to result from gravity sliding. To subparallel ridged (Tsr) lies downslope from disrupted terrain evaluate this model, we first consider the pattern of (Tds). deformation expected to result from gravity sliding, then Downslope movement of a wedge of material would be describe a potential example of gravity sliding, and finally expected to produce extensional features in the upslope region compare observed tessera structures with the predicted pattern and compressional features near the toe of the wedge (Figure 9 see also [Sharpton and Head, 1985] , and therefore gravity sliding is more likely to occur in this region than in most areas. We have examined a feature that lies to the southwest of Lakshmi (Figure 10) Relaxation does not appear to be consistent with most regions of subparallel ridged terrain (Tsr). Most areas of Tsr are not associated with any extensional features and are unlikely to have resulted from gravity-driven processes. Troughs and ridgeand-trough structures within the Ttr are consistent with an extensional origin. However, simple models of the relaxation process do not explain why extension in the Ttr would be manifested differently in one orientation (troughs) than in another (ridges/valleys).
It is more likely that some regions of disrupted terrain have been modified by relaxation. Grooves are relatively common within the Tds ( Figure 5 ) and appear to indicate relatively late stage extensional deformation. Intratessera plains in Tellus Regio, within the disrupted terrain, tend to occur at relatively high elevations (Figure 7) . All other factors being equal (such as the availability of magma at depth),. potential energy considerations suggest that eruptions should occur preferentially at lower elevations. However, high elevations may favor eruptions for two reasons, both consistent with relaxation. In the first, if the thermal gradient is sufficiently steep, crustal materials (presumably basaltic or diabasic) will cross the solidus before they cross the basalt-eclogite phase transition. If so, melting can occur, and magma is available to be erupted. Temperatures near the solidus also tend to enhance thermally activated creep and favor relaxation of Airycompensated topography. The second reason is that relaxation models predict an extensional stress regime throughout the crust, which tends to enhance crack propagation and allow melt easier access to the surface.
One region within Tellus Regio exhibits features which are best explained by gravitational relaxation (Figure 12) . In this region, three linear troughs crosscut the disrupted terrain and are therefore relatively young. This crosscutting relationship is most clearly developed in the westernmost trough. The southern part of the trough is floored by smooth plains material, but slightly to the north, remnants of the ESE trending slxuctures which dominate the terrain to the west of the trough are crosscut by the N-S trending structures of the trough itself. The troughs are interpreted to be extensional in nature on the basis of their topographic shape and the presence of numerous discontinuous subparallel structures similar to those observed in Devana Chasma and interpreted as fault scarps [Stofan et al., 1989] . Between troughs there are numerous grooves and small, faint, linear structures that parallel the strike of the troughs. These features also appear to crosscut ENE trending structures and are interpreted to indicated pervasive extensional deformation throughout the region. These extensional features lie at high elevations (Figure 12b) and are approximately parallel to a broad trend defined by the highest elevations in Tellus Regio. The plains-tesserae boundary in this region is similar to type II boundaries ( Figure  7) by virtue of its relative linearity at the 100-krn scale and the presence of ridges in the adjacent plains, but the boundary lacks a region of subparallel ridged terrain. Plains ridges lie at elevations below --1.5 km and appear to be asymmetric. However, this appearance is likely to be due to layover and/or foreshortening in the radar image, caused by the steep topographic slope (Figure 12b) . Similar effects are observed within Alma Montes. We therefore interpret the ridges as compressional features.
The topographic relationship of extensional and compressional structures in eastern Tellus, their close proximity, and the relatively late stage nature of extensional structures in this region are all consistent with gravitational relaxation. While gravity sliding might explain some aspects of the structural framework of the region, the large area involved and the large width of features such as the troughs suggest that deformation is not thin-skinned. In addition, the westernmost of the three troughs lies along a relatively genfie westward facing slope, yet no parallel compressional features are observed in the tessera terrain to the west of this trough. Therefore we favor a relaxation model over one involving thinskinned deformation.
None of the four formational models predicts the structural and topographic relationships described in this part of eastern Tellus. On the basis of this example and the consistency of observations in the Tds with the model predictions, we suggest that relaxation is a significant part of the evolution of tessera terrain.
Relaxation, or gravitational collapse, is also suggested by numerous workers to be a significant process in many terrestrial mountain belts, including the Basin and Range Province [Froidevaux and Ricard, 1987] , the Hercynian belt in southern Europe [Mdnard and Molnar, 1988] , and the Appalachians [Dewey, 1988] three major types of tessera terrain. These three processes may Horizontal convergence and crustal thickening, as operate on Venus and may even have formed some small areas exemplified by the formation of terrestrial orogenic belts and defined as tessera terrain but they do not appear to dominate the venusian mountain belts, are consistent with the basic
